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Summary 
We have identified an essential gene, called FIP1, en- 
coding a 327 amino acid protein interacting with yeast 
poly(A) polymerase (PAP1) in the two-hybrid assay. 
Recombinant FIP1 protein forms a 1:1 complex with 
PAP1 in vitro. At 37°C, a thermosensitive allele of FIP1 
shows a shortening of poly(A) tails and a decrease 
in the steady-state level of actin transcripts. When 
assayed for 3'-end processing in vitro, fipl mutant 
extracts exhibit normal cleavage activity, but fail to 
polyadenylate the upstream cleavage product. Poly- 
adenylation activity is restored by adding polyadenyla- 
tion factor I (PF I). Antibodies directed against FIP1 
specifically recognize a polypeptide in these fractions. 
Coimmunoprecipitation experiments reveal that RNA14, 
a subunit of cleavage factor I (CF I), directly interacts 
with FIP1, but not with PAP1. We propose a model in 
which PF I tethers PAP1 to CF I, thereby conferring 
specificity to poly(A) polymerase for pre-mRNA sub- 
strates. 
Introduction 
The 3' ends of most eukaryotic messenger RNAs are gen- 
erated by specific endonucleolytic leavage of longer pri- 
mary transcripts and subsequent polyadenylation of the 
upstream fragment to yield a poly(A) tail that ranges from 
about 70 residues in the yeast Saccharomyces cerevisiae 
to nearly 300 residues in humans. 
The biochemistry of 3' end formation of mammalian 
mRNA has been elucidated in recent years (for review see 
Wahle and Keller, 1992). The enzyme that synthesizes 
poly(A) tails is poly(A) polymerase (Wahle, 1991 a). At least 
five additional factors act in concert to recognize, cleave, 
and polyadenylate mammalian pre-mRNAs. One set of 
factors is required only for cleavage and comprises the 
cleavage stimulation factor (CstF) (Takagaki et al., 1990) 
and two as yet ill-defined cleavage factors. It is not clear 
which protein or combination of proteins constitutes the 
actual endonuclease. Specific polyadenylation of RNA 
substrates containing the canonical AAUAAA signal can 
be reconstituted from purified polymerase and the cleav- 
age and polyadenylation specificity factor (CPSF) (Bien- 
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roth et al., 1991). The reaction is more efficient when the 
poly(A)-binding protein II (PAB II) is added as well (Wahle, 
1991b). CPSF and poly(A) polymerase are also needed 
for the initial cleavage step. 
Yeast poly(A) polymerase has been purified to homoge- 
neity (Lingner et al., 1991 a). The enzyme has no specificity 
for a genuine yeast mRNA 3' end. In contrast, polyadenyla- 
tion in cell free extracts is specific for the correct 3' end 
(Butler et al., 1990), indicating that the polymerase must 
cooperate with one or several specificity factors. Chen and 
Moore (1992) reported the identification of three chromato- 
graphic fractions that are required in addition to poly(A) 
polymerase for 3' end maturation of yeast mRNA precur- 
sors. In contrast with mammals, poly(A) polymerase ap- 
pears to be dispensable for the cleavage step; instead, 
cleavage requires cleavage factor I and il (CF I and CF 
II). Specific polyadenylation occurs upon combination of 
poly(A) polymerase with CF I and the polyadenylation fac- 
tor I (PF I). More recently, it was shown that two previously 
identified genes, RNA 14 and RNA 15, encode components 
of CF I (Minvielle-Sebastia et al., 1994). Since CF I is the 
only factor necessary for both cleavage and polyadenyla- 
tion, it has been suggested that this factor contains a com- 
ponent that recognizes processing signals located up- 
stream of the poly(A) site (Chen and Moore, 1992; 
Minvielle-Sebastia et al., 1994). 
The N-terminal region of the yeast poly(A) polymerase 
displays 47% identity with the corresponding region in the 
bovine enzyme (Raabe et al., 1991; Wahle et al., 1991; 
Lingner et al., 1991b), whereas their C-terminal domains 
are unrelated; conceivably, the C4ermini may be involved 
in interactions with nonconserved specificity factors (Ling- 
ner et al., 1991b). 
In an attempt o identify proteins that interact with poly(A) 
polymerase, we isolated a gene, termed FIP1 (for factor 
interacting with PAP1). The in vivo and in vitro phenotypes 
of conditional fipl mutants were investigated and strongly 
suggest an involvement of FIP1 in polyadenylation of 
mRNA precursors as a component of PF I. FIP1 also inter- 
acts with the RNA14 subunit of CF I in vitro, implying that 
a CF I-PF I-poly(A) polymerase complex forms in vivo that 
in turn binds to polyadenylation signals on the pre-mRNA. 
Results 
Cloning of FIP1, Encoding a Poly(A) 
Polymerase-lnteracting Protein 
The two-hybrid system is a genetic method used to detect 
protein-protein interactions in vivo (for review see Fields 
and Sternglanz, 1994). This method utilizes the separable 
domains of the yeast transcriptional activator GAL4. Inter- 
action between two proteins, expressed as translational 
fusions to the GAL4 DNA-binding domain (GBD) and the 
GAL4 transcriptional activation domain (GAD), can recon- 
stitute a functional GAL4 complex that activates transcrip- 
tion of a 13-galactosidase (lacZ) reporter gene (Fields and 
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1 MSSSEDEDDK FLYGSDSELA LPSSKRSRDD EADAGASSNP DIVKRQKFDS 
£ip1-1= F 
51 PVEETPATAR DDRSDEDIYS DSSDDDSDSD LEVIISLGPD PTRLDAKLLD 
i01 SYSTAATSSS KDVISVATDV $NTITKTSDE RLITEGEANQ GVTATTVKAT 
flpl-3: * 
151 ESDGNVPKA_M TGSIDLDKEG IFDSVGITTI DPEVLKEKPW RQPGANLSDY 
f ipZ-l/f ipI-2: * 
201 FNYGFNEFTW MEYLHRQEKL QQDYNPRRIL MGLLSLQQQG KLNSANDTDS 
251 NLGNI IDNNN NVNNANMSNL NSNMGNSMSG TPNPPAPPMH PSFPPLPMFG 
301 SFPPFPMPGM MPPMNOOPNQ NQNQNSK* 327 
B 
Polypepfide Polypeptide fused 
fused to GAL4 to GAL4 DNA- [~-galactosidase 
activation domain binding domain colony color activity (units) 
PAP1 none white -<0.1_ 
none F1P1 (27-327) light blue 3.1 _+ 0.6 
PAP1 F1P1 (27-327) dark blue 18.6 + 6.5 
FIPI (27-327) none white <-0.1 
none PAPI white <-0.1 
FIP1 (27-327) PAP1 dark blue 52.4 + 8.3 
FIP1 (1-327) PAP1 dark blue 28.3 -+ 5.1 
Fipl-2 (1-216) PAP1 dark blue 18.7 + 2.0 
Fipl-3 (1-I96) PAP1 light blue 1.5 ± 0.2 
Figure 1. FIP1 Encodes a Protein That Interacts with Poly(A) Polymer- 
ase in Vivo 
(A) Predicted amino acid sequence of the FIP1 product. A 1959 bp 
EcoRI-Xbal fragment covering FIP1 was sequenced by the dideoxy 
chain termination method on a series of nested deletions generated 
with exonuclease III(Henikoff, 1984). The presumed start of translation 
of FIP1 is labeled 1. The proline-rich region is underlined, and a puta- 
tive nuclear localization signal is indicated by thick underlining. Resi- 
dues that are altered in fipl-1, fipl-2, or fipl-3 mutant alleles are given 
above the sequence, where translational termination codons (shown 
by asterisks) are indicated. 
(B) Interaction between PAP1 and various FIP1-GAL4 hybrid proteins 
in the two-hybrid system. Numbers in parentheses designate the N-ter- 
minal and C-terminal mino acid positions of FIP1 in the GAL4 hybrids. 
Colony color was monitored by filter lift assays (Chevray and Nathans, 
1992). Quantitative I~-galactosidase assays were conducted on Y526 
strains expressing the designated constructs. Assays were done in 
multiples for at least four independent traneformants. Mean values 
and standard eviations are given in units (see Experimental Proce- 
dures for definition). 
Song, 1989). To identify proteins interacting with the yeast 
poly(A) polymerase protein (PAP1), we transformed a yeast 
reporter strain expressing a fusion of the entire open read- 
ing frame (ORF) of PAP1 to the GBD with three plasmid 
libraries in which the GAD was fused to yeast genomic 
fragments in each reading frame. Of the transformants, 
150,000 were screened for lacZ expression. Three pGAD 
fusions that were dependent on the presence of the GBD- 
PAP fusion plasmid for I~-galactosidase activity were iso- 
lated. The sequence adjacent to the fusion site in each 
plasmid was determined by extending a primer comple- 
mentary to the GAD coding sequence. The plasmid with 
the longest fusion contained an ORF of at least 100 amino 
acids that did not match any sequence in the EMBL and 
GenBank data bases. Activation of the reporter gene re- 
quired the PAP1 portion of the GBD-PAP1 hybrid; no acti- 
vation was observed when the pGAD-fusion plasmid was 
transformed into a strain expressing only the GBD (Figure 
1B). Hence, the hybrid encodes a protein that interacts 
with PAP1 and that will be referred to as FIPI. 
With a probe derived from the FIP1 portion of the GAD- 
FIP1 fusion, a clone with an insert of - 5.4 kb was isolated 
from a yeast genomic library in plasmid YEp13 (Na~myth 
and Tatchell, 1980). After restriction enzyme mapping, the 
sequence of a 1959 bp EcoRI-Xbal fragment was deter- 
mined. It contained a single ORF of 327 amino acids with 
a predicted molecular mass of 35,777 Da (Figure 1A). Se- 
quences upstream of the FIP1 gene were found to be iden- 
tical to sequences encoding the C-terminal 44 amino acids 
of the inducer of meiosis gene, IME1 (Smith et al., 1990). 
The initiation codon of FIP1 is 366 bp downstream of the 
IME1 stop codon. 
Southern blot analysis of genomic DNA cleaved with 
several restriction enzymes showed that FIP1 is a single- 
copy gene in a haploid yeast genome (data not shown). 
For disruption of the FIP1 gene, more than 80% of the 
coding region was replaced by a LEU2 gene insertion. 
This was achieved by transformation of a diploid leucine 
auxotroph strain (JK4a/~; M. Hall, Biozentrum) with a re- 
striction fragment containing the fipl::LEU2 insertion and 
plating on medium lacking leucine. Integration of the 
marker into the FIP1 locus was confirmed by Southern 
blot analysis. After induction of meiosis, three to four tet- 
rads from three independent ransformants were dis- 
sected on yeast extract-peptone-dextrose (YPD) plates. 
All viable spores were leucine auxotrophs and in no case 
did more than two of the four spores form colonies. The 
deletion could be rescued when F/P1 was supplied on a 
centromeric plasmid. Thus, FIP1 is essential for cell via- 
bility. 
For genomic mapping, filters containing 82% of the S. 
cerevisiae genome in an ordered array of ;~ phage clones 
(obtained from L. Riles and M. Olsen, Washington Univer- 
sity) were hybridized with a FIPl-specific probe. FIP1 was 
mapped to the right arm of chromosome X, between 160 
kb and 180 kb. When Northern blots with yeast total RNA 
were hybridized with a FIPl-specific probe, only a single 
transcript of approximately 1.1 kb was detected (data not 
shown). 
The junction of the fusion to the GAD in pGAD-FIP oc- 
curred at an internal Sau3A site corresponding to amino 
acid 27, and restriction enzyme analysis indicated that 
the fusion contained the rest of the FIP1 gene. Interaction 
between FIP1 and PAP1 was further investigated in the 
two-hybrid system by switching the "bait" and the "prey" 
in their respective plasmids, i.e., by fusing the entire ORF 
of FIP1 to the GBD and placing the PAP1 insert into the 
GAD-fusion vector, t3-Galactosidase activity was quanti- 
fied with a colorimetric assay (Figure 1B). Yeast strain 
Y526 cotransformed with pGBD-FIP and pGAD-PAP scored 
approximately one third of the 13-galactosidase activity ob- 
served in strains harboring pGBD-PAP and pGAD-FIP. 
This may be caused by the 26 N-terminal amino acid resi- 
dues present in the GBD-FIP fusion and lacking in the 
originally isolated GAD-FIP fusion (see below). However, 
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in assays of defined protein combinations, one orientation 
of the hybrid often activates transcription much more effi- 
ciently (Bardwell et al., 1993; Brown et al., 1994). More- 
over, the GBP-FIP fusion protein alone could account for 
nearly 20% of the activity observed in pGBP-FIP and 
pGAD-PAP transformants. Ma and Ptashne (1987) have 
reported that random protein domains can cause activa- 
tion when fused to the GBD. All of the activating sequences 
analyzed were acidic, as is the case for FIP1 (pl, 4.08). 
We therefore assume that/acZ activation by the GBD- 
FIP1 hybrid alone does not reflect a true function of FIP1 
in transcription. 
Isolation and Characterization of tip1 Mutants 
Conditional fipl mutants were generated by in vitro muta- 
genesis. Plasmid plA22, carrying the wild-type allele of 
FIP1, was treated with hydroxyl amine and transformed 
into strain PJP22 bearing a deletion of the chromosomal 
FIP1 gene and plasmid plA34 (URA3 FIP1). After eviction 
of plA34, 18,000 transformants were screened for condi- 
tional growth by replica plating. Two clones were isolated 
that were unable to grow at 37°C on medium supple- 
mented with 3% formamide. Formamide has been shown 
to be a selective agent for the isolation of conditional mu- 
tants (Aguilera, 1994). In one of the two mutants, the tem- 
perature- and formamide-sensitive phenotype was geneti- 
cally linked to the FIP1 insert. 
The coding region of the temperature- and formamide- 
sensitive allele (tip1-1) was sequenced and compared with 
the wild-type sequence. Two C to T transitions were found, 
resulting in changes of the leucine codon at position 99 
into a phenylalanine codon and of the glutamine codon 
at position 216 into a UAG stop codon. The nonsense 
mutation eliminates the C-terminal 111 amino acids of the 
protein and suffices to produce the observed phenotype, 
since polymerase chain reaction (PCR)-mediated intro- 
duction of a UGA stop codon at the corresponding position 
of the FIP1 gene (tip 1-2) led to the same growth phenotype. 
We then tested whether further deletions would render the 
cells susceptible to either high temperature or formamide 
alone. A mutant lacking the last 131 amino acids (fipl-3) 
grows slowly at 24°C and is deficient for growth at 37°C, 
as well as in medium containing formamide at all tempera- 
tures. 
The interaction of the mutant FIP1 proteins with PAP1 
was also examined in the two-hybrid system. For this pur- 
pose, the yeast reporter strain Y526 was transformed with 
pGBD-PAP and a plasmid containing a fusion of the GAD 
to the ORF of either lip1-2 or fipl-3. As a control, the entire 
ORF of FIP1, including the 26 N-terminal codons missing 
in the originally isolated pGAD-FIP, was fused to the GAD 
to yield plasmid pGAD-F327. Western blotting analysis 
confirmed that each of the different hybrid proteins was 
expressed at comparable levels (data not shown). Surpris- 
ingly, i~-galactosidase activities of strains harboring pGBD- 
PAP together with pGAD-F327 were significantly lower 
than those of strains transformed with pGBD-PAP and 
pGAD-FIP (Figure 1B). Whereas the interaction of Fipl-2 
with PAP1 was only slightly reduced, the signal decreased 
approximately 20-fold with Fipl-3. The 20 amino acids be- 
tween positions 197 and 216 of FIP1 therefore appear to 
be involved in interaction with PAP1. More importantly, 
the capacity of the Fipl mutant proteins to interact with 
PAP1 parallels the growth phenotype engendered by the 
corresponding fipl mutant alleles. This correlation sug- 
gests that a productive interaction between PAP1 and 
FIP1 may be crucial for cell viability. 
FIP1 Protein Interacts with Poly(A) 
Polymerase in Vitro 
To confirm that the interaction between PAP1 and FIP1 
occurred directly and in the absence of other yeast pro- 
teins, we performed in vitro binding experiments with puri- 
fied recombinant proteins (see Experimental Procedures). 
Escherichia coil strains transformed with a FIP1 expres- 
sion vector produced a protein with an apparent molecular 
mass of -50  kDa, larger than expected from the FIP1 
coding sequence. The size of the detected protein is in 
good agreement with the size of FIP1 expressed in yeast 
(see Figure 5B). The low electrophoretic mobility is there- 
fore likely to be an intrinsic property of the FIP1 protein, 
possibly due to its high proline content (See and Jackow- 
ski, 1989; Wilson et al., 1994). Approximately equimolar 
amounts of FIP1 and PAP1 were mixed and run on a sizing 
column. The majority of the two proteins eluted as a single 
peak, followed by a second protein peak, containing small 
amounts of FIP1 not engaged in the complex (Figure 2, 
bottom). The second peak eluted at the same position 
as FIP1 when run alone on the same column (Figure 2, 
middle). PAP1 also eluted later when run separately (Fig- 
ure 2, top), indicating that FIP1 and PAP1 are capable of 
forming a stable complex in the absence of other proteins. 
The apparent molecular masses, determined by com- 
parison with marker proteins run under the same condi- 
tions, were 68 kDa for PAP1, which is in good agreement 
with the molecular mass deduced from the PAP1 coding 
sequence (64.6 kDa; Lingner et al., 1991b), 125 kDa for 
FIP1, and 200 kDa for the complex of both proteins (data 
not shown). Thus, the molecular masses are approxi- 
mately additive. However, FIP1 eluted much earlier than 
expected based on its molecular mass. Two alternative 
explanations may account for this result: either FIP1 may 
be able to form homopolymeric omplexes, and each of 
these complexes may bind one PAP1 molecule or the 
Stokes radius of FIP1 may be larger than that observed 
for globular proteins of comparable molecular masses, 
resulting in a faster migration on gel filtration columns. 
The two peak fractions (Figure 2, fractions 8 and 9) of the 
eluted complex were analyzed by SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE), Coomassie brilliant 
blue staining, and laser scanning densitometry. PAP1 and 
FIP1 coeluted in a nearly stoichiometric ratio of 1.1:1 (data 
not shown). This observation favors the latter hypothesis. 
Thermal Inactivation of the lip1.3 Gene Product 
Leads to Poly(A) Shortening and Decreases the 
Steady-State Level of Actin mRNA in Vivo 
The effect of an inactivation of Fipl-3 protein on poly(A) 
tail length was examined. Wild-type and lip1-3 cells were 
grown in liquid culture, and total RNA was prepared from 
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Figure 2. PAP1 and FIP1 Interact in Vitro 
PAP1 and FIP1 coelute from a gel filtration col- 
umn. Approximately 1.2 nmol of recombinant 
PAP1 and FIP1 in a total volume of 400 p.I of 
buffer (20 mM Tris-HCI [pH. 8.0], 200 mM KCI, 
1 mM EDTA, 10o/0 glycerol)were loaded either 
separately or as a mixture onto a Superdex 200 
Highload 16160 column (Pharmacia), equili- 
brated in the same buffer, and eluted at 0.2 ml/ 
min. Fractions of 1 ml of a 125 ml run were 
collected, and 100 pJ samples of the protein- 
containing fractions (OD2ao, >~0.01) were con- 
centrated by precipitation with trichloroacetic 
acid, resolved on SDS-polyacrylamide (10%) 
gels, and silver stained. Protein markers (M) 
are indicated; sizes are in kilodaltons. The lane 
marked load indicates 2p.I of the load fractions 
was analyzed for comparison. 
aliquots withdrawn atvarious times after a shift from 24°C 
to 37 ° C. The R NA was labeled at the 3' end and subjected 
to RNase digestion to leave only the poly(A) tails intact 
(Figure 3A). Upon temperature shift, the maximum length 
of poly(A) tails increased by -10  residues in wild-type 
cells, as has been observed before (Minvielle-Sebastia et 
al., 1991; Sachs and Deardorff, 1992). Conversely, in 
fipl-3 mutant cells, long poly(A) tails were significantly di- 
minished after a 5 rain shift, whereas a population of short 
(up to - 20 adenosine residues) tails persisted for at least 
1 hr. At the permissive temperature (24°C), the poly(A) 
tails in the mutant and the wild-type strain had the same 
maximal ength. 
Poly(A) tail shortening in tip1-3 cells is reminiscent of 
the phenotype observed in rna14 and rna15 mutants (Min- 
vielle-Sebastia et al., 1991) and in poly(A) polymerase 
(pap1-1) mutants (Proweller and Butler, 1994). RNA14 
and RNA 15 are essential for 3'-end processing (Minvielle- 
Sebastia et al., 1994). Mutants !n these genes also exhibit 
a rapid decay of the actin transcript (ACT1) after tempera- 
ture shift (Minvielle-Sebastia et~1., 199~). Similarly, analy- 
sis of pap1-1 mutants revealed .that the amount of ACT1 
mRNA decreases about 50% after a 30 min shift to non- 
permissive temperature (Patel and Butler, 1992). This 
prompted us to use Northern blot analysis to follow the 
fate of ACT1 mRNA in fipl-3. During incubation at 37°C, 
ACT1 mRNA decays with an estimated half-life of 20-30 
min (Figure 3B). A similar half-life was also observed in a 
strain bearing a temperature-sensitive mutation of the 
large subunit of RNA polymerase II (rpbl-1) (data not 
shown; Herrick et al., 1990). 
These data suggest that after temperature shift of the 
fipl-3 mutant cells, mature ACT1 mRNA is no longer made 
while the existing mRNA decays. The observed pheno- 
types are consistent with a defect in the maturation of 
mRNA 3' ends in the mutant cells. 
PF I Restores the Polyadenylation Deficiency of 
tip1.1 Mutant Extracts and Contains FIP1 Protein 
Extracts were made from tip1-1 mutants and tested for 
their ability to process synthetic mRNA precursors in vitro. 
An RNA substrate corresponding to the 3' end of the iso-1- 
cytochrome c (CYC1) mRNA was accurately and efficiently 
cleaved in extracts obtained from both the wild-type 
(PJP20) and the lip1-1 mutant (PJP24) strains (Figure 4, 
lanes 2 and 3). The downstream cleavage product is rap- 
idly degraded and cannot be detected (Chen and Moore, 
1992). In contrast with wild-type extracts, tip1-1 extracts 
failed to polyadenylate either the 5'cleavage product (com- 
pare lane 2 with lane 3 of Figure 4) or an RNA substrate 
ending at the natural poly(A) site of the CYC1 mRNA (com- 
pare lane 7 with lane 8). 
Extracts of ma14-1 and rna15-1 mutants are unable to 
cleave and polyadenylate mRNA precursors in vitro (Min- 
vielle-Sebastia et al., 1994). A mixture of equal amounts 
of tip1-1 and rna14-1 mutant extracts'is active in polyade- 
nylation of both the 5'-cleavage product of CYC1 (Figure 
4, lane 5) and the precleaved CYC1 substrate (lane 10) 
with an efficiency comparable to that of wild-type extracts 
(lanes 2 and 7). A similar complementation was achieved 
between tip1-1 and ma15-1 extracts, as well as between 
tip1-3 and either rna14-1 or rna15-1 extracts (data not 
shown). Taken together these data suggest that FIP1 en- 
codes a protein required for polyadenylation and that ex- 
tracts from mutants in CF I can provide tip1 extracts with 
wild-type FIP1 protein. Likewise, fipl extract contains 
RNA14 and RNA15 wild-type proteins that can restore 
proper CF I function to rna14 and real5 extracts. 
Specific polyadenylation of precleaved mRNA precur- 
sors in vitro requires PAP1, CF I, and PF I (Chen and 
Moore, 1992). Since FIPI is essential for polyadenylation, 
FIP1 might encode either a subunit of PF I or an additional 
subunit of CF I required for polyadenylation but not for 
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Figure 3. Depletion of Functional FIP1 Results in Poly(A) Tail Shorten- 
ing and Actin mRNA Decay in Vivo 
(A) Length distribution of poly(A) tails in PJP20 (FIP1) and PJP30 
(fipl-3) cells at various times after a temperature shift. Total RNA was 
isolated from aliquots withdrawn from cultures following incubation at 
37°C for 0, 5, 12, 30, and 60 min. Samples (2 p.g) of the isolated RNAs 
were 3'end labeled and subjected to RNase A and RNase T1 digestion. 
Poly(A) tails were visualized by electrophoresis on a gel of 10% poly- 
acrylamide and 8.3 M urea. Size-selected poly(A)72_~s was taken 
through the entire procedure as a control (data not shown) and served 
as size marker (indicated on the left in number of nucleotides). 
(B) Northern blot analysis of ACT1 mRNA decay in fipl-3 cells as a 
function of incubation time at 37°C. Equal amounts of bulk RNA ( -  15 
~g) from the same samples used in (A) were run on a 1% agarose, 
2% formaldehyde gel and transferred to nitrocellulose membrane by 
capillary blotting (Sambrook et al., 1989). ACT1 mRNA was probed 
with a 1007 bp XhoI-Hindlll fragment covering a large part of the gene 
(Ng and Abelson, 1980) and detected with the enhanced chemilumi- 
nescence nucleic acid detection system, as instructed by the manufac- 
turer (Amersham). The migration f the large ribosomal RNAs and 
RNA markers as estimated by the ethidium bromide fluorescence is 
indicated on the left and right, respectively. 
I I I I I I I I 
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Figure 4. Cleavage and Polyadenylation of CYC1 Precursors in Mu- 
tant Extracts 
CYC1 (lanes 1-5) or CYCl-precleaved (CYCl pre) transcript (lanes 
6-10) was assayed under standard reaction conditions for 60 min in 
ammonium sulfate-fractionated extracts (6 p.I) made from wild-type 
(lanes 2 and 7), tip1-1 (lanes 3 and 8), and rna14-1 (lanes 4 and 9) 
cells and in combinations of equal amounts (3 ILl) of fipl-1 and ma14-1 
extracts (lanes 5 and 10). Reaction products were visualized by autora- 
diography after electrophoresis in a gel of 5% polyacrylamide and 8.3 
M urea and are labeled as follows: pA, polyadenylated species; 5', 
upstream cleavage product. Markers (M) are pBR322 DNA digested 
with Hpall, and sizes are indicated in number of nucleotides (deter- 
mined by overexposure of the autoradiograph). 
cleavage. The three factors were separated by chromatog- 
raphy on a Mono Q column (Chen and Moore, 1992). Frac- 
tions 56-70 (corresponding to elution at 340-440 mM KCI) 
complemented the polyadenylation deficiency of fip 1-1 ex- 
tracts (Figure 5A, lanes 6-13).  Complement ing fractions 
also contained PF I, as defined by its ability to reconstitute 
polyadenylation when combined with PAP1 and CF I frac- 
tions (data not shown). 
Western blotting analysis with anti-FIP1 antibodies de- 
tected a polypeptide of approximately 50 kDa in the same 
fractions that restored polyadenylation activity (Figure 5B). 
Additional evidence that the anti-FIP1 antibody recognizes 
a component of PF I emerged from immunodeplet ion of 
wild-type extracts (data not shown). Pretreatment of ex- 
tracts with antiserum to FIP1, but not with the correspond- 
ing preimmune serum, completely inhibited polyadenyla- 
tion activity, whereas c leavage activity was reduced only 
about 2- to 3-fold. Thus, depletion of FIP1 protein from 
wild-type extracts results in a similar phenotype as dis- 
played by the fipl-1 mutant extracts. 
F IP1  Tethers  Po ly (A)  Po lymerase  to CF  I 
To determine whether FIP1 or PAP1 also associates with 
subunits of CF I, we performed coimmunoprecipitat ion ex- 
periments with either recombinant FIP1 or PAP1 and vari- 
ous combinations of in vitro translated and radiolabeled 
proteins. The immunoprecipitates were analyzed by SDS-  
PAGE and autoradiography. In control experiments, labeled 
PAP1 and FIP1 proteins were efficiently immunoprecipi- 
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Figure 5. Reconstitution f Polyadenylation i fipl Extracts by Com- 
plementation with Partially Purified PF I Fractions Containing FIP1 
Protein 
(A) Partially purified PF I fractions rescue th polyadenylation defi- 
ciency of fipl-1 mutant extract. Ammonium sulfate-fractionated fip1-1 
extract (3 ~1) was mixed with 3 td of Mono Q fractions 52-74 (Chen 
and Moore, 1992) and assayed under standard reaction conditions. 
Wild-type extract (WT) (6 p.I) (PJP20) was assayed in parallel (lane 2). 
Reaction products and markers are labeled as in the legend to Fig- 
ure 4. 
(B) Anti-FIP1 antibodies detect FIP1 in the complementing PF I frac- 
tions. Of each column fraction, 3 ~1 were analyzed by immunoblotting 
according to standard procedures (Sambrook et al., 1989). FIP1 was 
detected with affinity-purified anti-FIP antibodies at a dilution of 
1:2000 with the enhanced chemiluminescence kit (Amersham). Pro- 
tein markers (M) are indicated; sizes are in kilodaltons. 
tated by anti.PAP1 and anti-FIP1 antibodies, respectively, 
but not by the corresponding preimmune sera (Figure 6A, 
lanes 1 and 2; Figure 6B, lanes 1 and 2). A number of 
lower molecular weight fragments, presumably derived 
from premature translation termination of PAP1 mRNA, 
were also precipitated by the anti-PAP1 antibody (Figure 
6A, lane 1). Unlabeled purified PAP1 coupled to anti-PAP1 
protein A -Sepharose  beads coprecipitated labeled FIP1, 
as expected from the previous results, but not RNA14 or 
RNA15 (Figure 6A, lanes 6-11).  Translation of FIP1 mRNA 
produced a smaller polypeptide in addition to FIP1 (Figure 
6A, lane 5). However,  this polypeptide was precipitated 
neither by the anti-FIP1 ant ibody (Figure 6B, lane 1) nor 
together with PAP1 (Figure 6A, lane 10). Anti-FIP1 anti- 
bodies coprecipitated PAP1 or RNA14, but not RNA15, 
together with unlabeled FIP1 (Figure 6B, lanes 6-11). 
PAP1 was precipitated much more efficiently than RNA14, 
indicating that the interaction between FIP1 and RNA14 
is weaker  under the experimental  conditions. Hence, in 
vivo, other as yet unidentif ied components of CF I or PF 
I may contribute to the interaction between RNA14 and 
FIP1. Interestingly, depletion of wild-type extracts with an 
antiserum to PAP1 drastically reduces the c leavage reac- 
tion (Minviel le-Sebastia et al., 1994), indicating that PAP1 
associates with c leavage factor(s) in total cell extracts. 
When labeled RNA14, RNA15, and PAP1 were mixed 
and subjected to coimmunoprecipitat ion with FIP1 affinity 
A Unlabeled PAP1 
i 
[RNA14 + + + 
Labeled IRNA15 + + + 
proteins FIP1 + + + 
PAP1 + + 
Serum a p a p ~ p M 
RNA14~ -69 
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Figure 6. FormationofaPAP1-FIP1-RNA14ProteinComplexinVitro 
(A) PAP1 complexes with FIP1, but not with RNA14 or RNA15. Protein 
samples, translated and radiolabeled in vitro, were subjected to immu- 
noprecipitation, and the eluates were loaded onto a SDS-polyacryl- 
amide (90/0) gel. D ried gels were exposed to film for 12 hr. Controls were 
done under the same conditions, except that anti-PAP1 preimmune 
serum, coupled to protein A-Sepharose beads (lanes labeled p), re- 
placed anti-PAP1 immunobeads (lanes labeled ~). In vitro translated 
PAP1 was incubated with anti-PAP1 immunobeads or the control resin 
(lanes 1 and 2). Unlabeled recombinant poly(A) polymerase was cou- 
pled to anti-PAP1 immunobeads and mixed with 8 p.I of RNA14, 8 I~1 
of RNA15, or 3 I~1 of FIP1, translated in reticulocyte lysate (lanes 
6-11). Of the protein input, one tenth was loaded directly for compari- 
son (lanes 3-5). The positions of the full-length proteins and of
14C-labeled protein markers (M) are indicated by arrowheads. 
(B) FIP1 complexes with PAP1 and RNA14 simultaneously, In vitro 
translated FIP1 was mixed with protein A-Sepharose bearing either 
anti-FIP1 antibodies (lanes labeled ~) or the corresponding preimmune 
serum (lanes labeled p), and the precipitate was analyzed as in (A), 
except hat the exposure time was 48 hr (lanes I and 2). For coimmuno- 
precipitations the immunobeads were first incubated with unlabeled 
recombinant FIPI. After extensive washing, the resin was mixed with 
8 I~1 of RNA14, 8 Ill of RNA15, 6 ~1 of PAP1, or a combination of all 
three proteins, and the immunoprecipitates were analyzed for their 
content of labeled proteins (lanes 6-13). We loaded one tenth of each 
protein used for the coimmunoprecipitation experiment directly (lanes 
3-5). 
(C) Possible architecture of a polyadenylation complex bound to up- 
stream polyadenylation sequences (UPS) on the pre-mRNA. See text 
for details. Spheres marked with question marks represent other possi- 
ble subunits of PF I and CF I. 
beads, both RNA14 and PAP1 were detected in the eluate 
(Figure 6B, lanes 12 and 13). Thus, poly(A) polymerase 
can be linked to a component of CF I, with FIP1 being the 
intermediary. 
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Discussion 
We have identified a yeast gene, FIP1, that encodes a 
protein interacting with poly(A) polymerase. The FIP1 pro- 
tein shows no similarity to known proteins or protein motifs. 
Its most striking features are a very acidic N-terminus, 
which is also rich in serines, and a C-terminal stretch of 
37 amino acids containing 16 proline residues. Proline-rich 
domains are characteristic for several other proteins in- 
volved in different aspects of RNA processing, including 
the 77 kDa subunit of the human CstF (Takagaki and Man- 
ley, 1994), the 70K U1 small nuclear ribonucleoprotein par- 
ticle protein (RNP) (Query et al., 1989), the yeast poly(A)- 
binding protein (PAB) (Sachs et al., 1986), and a yeast 
nuclear polyadenylated RNA-binding protein (NAB3) (VVil- 
son et al., 1994). All these proteins contain stretches of 
up to 200 amino acids with a proline content of over 20%. 
The function of this proline-rich domain is not known; this 
domain is not essential for the RNA-binding activity of PAB 
and can be deleted from PAB (Sachs et al., 1987) and 
FIP1 without severely affecting viability. 
After a shift of fipl-3 mutant cells to their restrictive tem- 
perature, a rapid decay of long poly(A) tails was observed, 
whereas a population of short tails (up to 20 adenosine 
residues) persisted for at least I hr. Since additional exper- 
iments suggest that the FIP1 gene encodes a subunit of 
PF I, poly(A) shortening on mRNAs probably reflects the 
degradation after reduced de novo poly(A) synthesis in 
fipl mutant cells. In contrast, poly(A) tail degradation in 
RNA polymerase II mutant cells (rpbl-1) under the same 
conditions was almost complete after 1 hr (data not shown; 
Minvielle-Sebastia et al., 1991). The finding that the poly(A) 
tails are not completely lost in the fipl-3 mutant suggests 
that fipl mutant cells retain some residual polyadenylation 
activity after the temperature shift. 
After temperature shift, the cellular level of actin mRNA 
decays with com parable kinetics in lip 1-3, rpb 1-1 (Herrick 
et al., 1990), and pap1-1 (Patel and Butler, 1992) mutants. 
Hence, the decay of ACT1 mRNA in fipl-3 mutants proba- 
bly reflects the normal turnover of this species present 
before heat inactivation of the fipl-3 gene product. 
fip I mutant extracts are deficient for in vitro polyadenyla- 
tion of yeast mRNA 3' ends at all temperatures tested. 
This is also the case for mutants in RNA14 and RNA15, 
which encode subunits of CF I (Minvielle-Sebastia et al., 
1994). In contrast with rna14 and rna15 mutants, fipl mu- 
tants efficiently cleave full-length CYC1 RNA. Thus, in fipl 
mutants, cleavage is uncoupled from polyadenylation. 
Chromatographic fractions containing PF I (Chen and 
Moore, 1992) restore wild-type polyadenylation activity to 
these extracts, suggesting that FIP1 encodes PF I or a 
subunit of PF I. This result was expected, since PF I is 
the only factor besides PAP1 that is needed only for the 
polyadenylation step. In this respect, PF I is reminiscent 
of mammalian PAB II (Wahle, 1991b). PF I fractions or 
recombinant FIP1, however, failed to bind poly(A) ribopoly- 
mers (P. J. P., unpublished data). 
Polyclonal antibodies raised against recombinant FIP1 
recognized a protein of -50  kDa in PF I fractions and in 
wild-type extract. The same antibodies failed to recognize 
a polypeptide in extracts from fipl-1 or fipl-3 mutant cells. 
Thus, the nonsense mutations may cause a reduced sta o 
bility of the proteins or their corresponding mRNAs (Peltz 
et al., 1994); alternatively, the mutant proteins may be 
stable in vivo, but become degraded during preparation 
of samples for Western blotting. Since hybrids of the GAD 
and either the wild-type or mutant proteins were expressed 
equally well, the GAD portion of the hybrids appears to 
protect he mutant proteins or their coding sequences from 
degradation. 
The CYC1 mRNA represents a class of genes bearing 
a UAG... UAUG UA-type 3'.end processing motif (Zaret and 
Sherman, 1982). We tested whether FIP1 would also be 
required for polyadenylation of a pre-mRNA bearing a dif- 
ferent type of signal. For the GAL7 mRNA, it was shown 
that processing in vivo and in vitro is prevented by deleting 
a UA repeat upstream of the poly(A) site (Abe et al., 1990; 
Chen and Moore, 1992). A precleaved RNA substrate de- 
rived from the 3' end of the GAL 7 gene was not polyadeny- 
lated by fipl-1 extracts, and polyadenylation activity could 
be restored by PF I fractions (data not shown). Thus, FIP1 
is needed for polyadenylation of different pre-mRNAs, de- 
spite an apparent lack of highly conserved signal se- 
quences in these RNAs. 
The two hybrid-system does not allow one to determine 
whether two proteins that give a positive signal in the 
screen interact directly or via other proteins. A direct inter- 
action between recombinant FIP1 and PAP1 was demon- 
strated by coelution of these proteins from a gel filtration 
column and by coimmunoprecipitation f FIP1 with PAP1. 
Moreover, coimmunoprecipitation experiments suggest 
the formation of a ternary complex consisting of PAP1, 
FIP1, and RNA14. In this complex FIP1 interacts simulta- 
neously with PAP1 and RNA14. We failed to precipitate 
significant amounts of RNA15 with the other three pro- 
teins using anti-FIP1 immunobeads. However, RNA14 
coupled to anti-RNA14 immunobeads coprecipitates iz- 
able amounts of RNA15 and vice versa (L. M.-S., unpub- 
lished data). A functional interaction between RNA14 and 
RNA15 has been attested to by genetic and biochemical 
results (Bloch et al., 1978; Minvielle-Sebastia et al., 1991, 
1994). The RNA15 protein has a RNP-type RNA-binding 
motif (Minvielle-Sebastia et al., 1991) that binds to poly(U) 
ribopolymers (L. M.-S., unpublished data). Since se- 
quences directing 3'-end formation are often U rich (Abe 
et al., 1990; Irniger et al., 1991; Russo et al., 1993), RNA15 
is a likely candidate for a protein factor interacting with 
such sequences. Based on these findings, we propose 
a model for the assembly of a protein complex on the 
pre-mRNA. In this model, PF I recruits poly(A) polymerase 
to CF I, which may recognize signal sequences upstream 
of the poly(A) site (Figure 6C). 
Under physiological reaction conditions and in the ab- 
sence of other factors, yeast and bovine poly(A) polymer- 
ases are barely active and nonspecific with respect to their 
RNA primer (Lingner et al., 1991a; Wahle, 1991a). The 
mammalian CPSF enhances both efficiency and specific- 
ity of the mammalian polymerase. CPSF binds to the ubiq- 
uitous recognition signal AAUAAA upstream of the poly(A) 
site (Keller et al., 1991) and probably also interacts directly 
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Table 1. Plasmids Used 
Plasmid Description 
plA22 
plA23 
plA34 
plA29 
plA30 
pGBD-FIP 
pGAD-PAP 
pGAD-F327 
pGAD-Fip2 
pGAD-Fip3 
YCplac22 (Gietz and Sugino, 1988) carrying a 2.7 kb Pstl-Xbal genomic fragment covering FIP1 
Same as plA22, but carrying fipl-1 
YCplac33 (Gietz and Sugino, 1988) carrying a 2.7 kb Pstl-Xbal genomic fragment covering FIP1 
A SacI-Bglll PCR fragment bearing tip1-2 was cloned into the respective sites of pHCBSS; pHCBS3 carries a 2.6 kb 
Hindlll insert containing the entire PAP1 gene (Lingner et al., 1991b) in YCplac22 in which the Bglll and Sacl sites 
have been destroyed 
Same as plA29, but carrying fipl-3 
A derivative of pGBD-PAP (see Experimental Procedures) with a 1.3 kb SacI-SnaBI genomic fragment carrying FIP1 
inserted into SacI-Pstl (blunt) sites 
A 2.1 kb BamHI-Pstl fragment from pGBD-PAP (containing PAP1) was inserted into the respective sites of pGAD424 
(Fields and Song, 1989) 
GAD-FIP1 (amino acids 1-327) translational fusion: a derivative of pGAD-PAP with a 1.1 kb SacI-Dral FIP1 fragment 
from plA22 inserted into SacI-Pstl (blunt) sites 
GAD-Fipl-2 (amino acids 1-216) translational fusion: a derivative of pGAD-PAP with a SacI-Bglll fragment from plA29 
inserted into the respective sites 
GAD-Fipl-3 (amino acids 1-196) translational fusion: like pGAD-Fip2, but with a SacI-Bglll fragment from plA30 
with poly(A) polymerase (Bienroth et al., 1993). The factor 
that functionally represents the yeast homolog of mamma- 
lian CPSF is CF I. However, unlike CPSF, CF I is not 
sufficient to activate the polymerase. The results pre- 
sented here imply that the function of CPSF in yeast is 
carried out by two separate factors: CF I interacting with 
the RNA substrate and PF I, which binds to both CF I and 
PAP1. Recombinant FIP1 failed to restore polyadenylat ion 
activity in f ip l -  1 extracts. Thus, FIP1 may be tightly associ- 
ated in a complex of nondissociable factors that constitute 
PF I; alternatively, recombinant FIP1 may not be functional 
in the yeast cel l - free system. Purification of PF I from 
yeast cell extracts is under way and should help to clarify 
this issue. 
Recently, Takagaki and Manley (1994) have pointed out 
sequence similarities between the 77 kDa and 64 kDa 
subunits of CstF and RNA14 and RNA15. The similarity 
between the 77 kDa subunit and RNA14 is weak, and the 
similarity between the 64 kDa subunit and RNA15 is mostly 
in the RNP domain, which is conserved in many proteins. 
Since CstF is required for c leavage only (Takagaki et al., 
1990), the sign ificance of these al ignments is not obvious. 
However, it is possible that mammal ian CstF and yeast 
CF I are functionally related. 
Since more of the factors involved in yeast mRNA 3'-end 
processing are now available, it should be possible to iden- 
tify additional genes on the basis of their interaction with 
PAP1, RNA 14, RNA 15, or FIP1 and to elucidate the mecha- 
nism and function of polyadenylation. 
Experimental Procedures 
Yeast Strains, Media, and Genetic Methods 
The S. cerevisiae strains used in this study are listed in Table 2. Most 
media and genetic methods were as described elsewhere (Guthrie 
and Fink, 1991). YPFD medium is YPD (10/0 yeast extract, 2O/o bacto- 
peptone, 2% glucose), supplemented with 3% formamide. Yeast cells 
were transformed by treatment with lithium acetate and polyethylene 
glycol (Gietz et al., 1992). 
Plasmids 
Plasmids were co nstructed by standard procedures (Sambrook et al., 
1989). Some essential procedures used to construct plasmids are de- 
scribed below in connection with the two-hybrid system, in vitro muta- 
genesis, and recombinant expression of proteins. Other plasmids used 
in this study are listed in Table 1. 
Isolation of a PAPl-lnteracting Protein in the GAL4 
Two-Hybrid System 
As a target for proteins interacting with PAP1, plasmid pGBD-PAP, 
encoding a GSD-PAP1 fusion, was constructed. PAP1 was amplified 
from a genomic clone (Lingner et al., 1991 b) by PCR with an oligonucle- 
otide annealing to the 5' end of the PAP10RF (5'-GGGGATCCAT- 
ATGAGCTCTCAAAAGGTTTTTG-3') and the commercial SK primer 
(Stratagene). The amplified fragment was cut with Bam HI (underlined) 
and cloned into the BamHI site of pGBT9 (Fields and Song, 1989) in 
such an orientation that the PAP10RF was expressed as a transla- 
tional fusion to GBD. Yeast strain Y526 (Legrain and Rosbash, 1989) 
was transformed with pGBD-PAP and a mixture of equal quantities 
Table 2. Yeast Strains Used 
Strain Relevant Genotype/Description 
JL21 
PJP20 
PJP22 
PJP24 
PJP30 
MA Tala leu2-3,112/leu2-3,112 ura3-52/ura3-52 trplltrpl his41his4 FIP1/fipl ::LEU2 
MA Ta leu2-3,112 ura3-52 trpl his4 fipl ::LEU2 plA22 (CEN4 TRP1 FIP1) 
Like PJP20, but plA34 (CEN4 URA3 FIP1) 
Like PJP20, but plA23 (CEN4 TRP1 tip1-1) 
Like PJP20, but plAS0 (CEN4 TRP1 lip1-3) 
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of three pGAD plasmid libraries (obtained from S. Fields via P. Linder, 
Biozentrum, Basel) containing fusions of the GAD to yeast genomic 
DNA fragments in each reading frame, Transformants were selected 
on SC medium lacking leucine and tryptophan and scored for lacZ 
expression on medium containing 1 mg/ml 5-bromo-4-chloro-3-indolyl- 
~-D-galactoside (X-Gal) (Chevray and Nathans, 1992), from which 184 
blue colonies were isolated. To determine whether lacZ expression 
in these colonies was dependent on both plasmids, we grew the clones 
in SC liquid medium lacking leucine to select only for the GAD-fusion 
plasmid. Cultures were then plated onto SC medium lacking leucine 
and replicated on SC medium lacking tryptophan. Yeast colonies that 
had lost the plasmid containing the GBD-PAP fusion (tryptophan auxo- 
trophs) were retested for ~-galactosidase activity. Three clones were 
recovered that produced color only in the presence of both plasrnids 
and were sequenced with a GAD-specific primer (5'-GGGATGTT- 
TAATACCAC-3'). 
I~-Galactosidase Assay 
Quantitative assays were performed as described previously (Legrain 
et al., 1993), except that samples were incubated at 30°C with 0.86 
mg/ml chlorophenol red-~-D-galactopyranoside (Boehringer Mann- 
helm) as substrate for the enzyme. Samples were centrifuged for 2 
min, and the optical density of the supernatant was read at 574 nm. 
An arbritary unit was defined as 1000 x ODsT, per rain of reaction 
time for t ml of culture at OD6o0 = 1.0. Background readings obtained 
with untransformed strains were subtracted. Under these conditions 
the sensitivity of the assay is -0.1 U. 
Recombinant Proteins 
The T7 overexpression system developed by Studier (1991) was used 
for recombinant expression of PAP1 and FIP1 in E. coll. PAP1 was 
expressed and purified as described (Lingner and Keller, 1993). For 
purification of FIP1, the FIP1 coding region was amplified by PCR 
using the primers FIPSTART (5'-GGGGATCCATATGAGCTCGAGT- 
GAAGACG-3') and FIPEND (5'-GGAGATCTCATTTCGAATI'I IGAT- 
TTTG-3'). After restriction enzyme digestion with Ndel and Bglll (under- 
lined), the DNA fragment was cloned into NdeI-BamHI-digested 
pM10-His6 (G. Martin, personal communication), yielding plasmid 
pFL11. This construct allows the expression of FIP1 under the control 
of the phage T7 promoter with a peptide tag (MetAla[His]8) fused to 
its N-terminus. E. coil strain BL21 (DE3) pLysS (Studier, 1991) was 
transformed with pFL11 and grown in 0.5 liters of terrific broth (Sam- 
brook et al., 1989) at 24°C. After induction with 0.5 mM isopropyl- 
J3-D-thiogalactopyranosida for 8 hr, cells were harvested (OD~ = 8), 
resuspended in 50 ml of buffer A (10 mM Tris-HCI [pH 8.0], 6 M 
guanidine hydrochloride, 100 mM Na-phosphate), and lysed by freez- 
ing in liquid nitrogen and thawing. The lysate was cleared by sonifica- 
tion (three times for 90 s; level 4.5; Branson Sonifier) and centrifugation 
at 28,000 x g for 10 min. The supernatant contained a polypeptide 
with an apparent molecular mass of -50  kDa that was not found in 
extracts of cells transformed with the vector plasmid only. For purifica- 
tion, the extract was applied to a 4 ml Ni~-nitrilotriacetic a id-agarose 
column (Qiagen) equilibrated in buffer A. Bound protein was washed 
and eluted with a 3 column volumes of buffer containing 250 mM 
imidazole as instructed by the manufacturer. The eluate was dialyzed 
for 6 hr against 2x 3 liters of buffer E (20 mM Tris-HCI [pH 8.0], 50 
mM KCI, 1 mM EDTA, 100/o glycerol) and loaded onto a Mono Q HR 
5/5 FPLC column (Pharmacia) equilibrated in the same buffer. The 
column was developed with a 20 ml gradient of 50-500 mM KCI in 
buffer E. FIP1 eluted between 200 and 250 mM salt. FIPl-containing 
fractions were concentrated on Centricon 30 concentrators (Amicon) 
and applied to a Superose 6 column (Pharmacia) equilibrated in buffer 
E. Approximately 1.1 mg of FIP1, more than 80% pure, was recovered. 
For the in vitro expression of proteins, linearized plasmid DNAs 
were transcribed with bacteriophage T7 RNA polymerase (Stratagene) 
in the commercial buffer, and the mRNAs were translated in nuclease- 
treated rabbit reticulocyte lysate containing 40 p~Ci of [35S]methionine 
(1000 Ci/mmol) in a total volume of 50 p.I, according to the instructions 
of the manufacturer (Promega). pJPAP1 (Lingner et ai., 1991b) and 
pFL11 served as templates for transcription of PAP1 and FIP1, respec- 
tively. Plasmids for in vitro transcription of RNA15 and RNA14 were 
cloned as follows. The ORF of the RNA 15 gene was amplified by PCR 
using the primers 15START, bearing a Bglll site upstream of the start 
codon, and 15END, which introduces a Hindlll site downstream of 
the stop cedon. The amplified fragment was cut with the indicated 
restriction enzymes and cloned into BamHI-Hindlll-restricted pGEM3 
(Promega). A plasmid for the in vitro transcription of RNA14 was con- 
structed by PCR amplification of a D NA fragment with the oligonucleo- 
tide primers 14START and 14END, introducing, respectively, a BamHI 
and a Hindlll site upstream and downstream of the start and stop 
codons in the published RNA14 ORF (Minvielle-Sebastia et al., 1991). 
The fragment was cloned into pGEM3 as described above. A sequenc- 
ing error has recently been discovered (N. Bonneaud and F. Lacroute, 
personal communication) that made the RNA14 ORF shorter than its 
actual size (the revised sequence is available under accession number 
M73461 in the GenBank data base). To generate a full-length clone, 
the PstI-Hindlll fragment of the PCR product was replaced with a 
genomic PstI-Hindlll fragment covering most of the ORF and the 3' 
untranslated region of RNA14. 
Generation of Conditional Alleles 
Plasmid plA22 was mutagenized according to the method of Rose 
and Fink (1988). DNA (28 I~g) was incubated in 200 p.I of hydroxylamine 
solution for 30 min at 70°C. The reaction was stopped by the addition 
of 500 p.I of ethanol. DNA was precipitated and redissolved twice and 
transformed into E. coll. Plasmid DNA from a pool of -8000 trans- 
formants was prepared and transformed into PJP22. A total of 
-18,000 colonies was replicated on SC medium lacking leucine and 
tryptophan containing 5-fluoroorotic acid to select for the loss of the 
residual URA3-marked FIP1 plasmid (Boeke et al., 1987). After growth 
for 36 hr at 24°C, cells were replicated on YPD and YPFD plates and 
incubated at either 37°C or 24°C. Two clones were identified that 
failed to complement he FIP1 null allele on YPFD medium at 37°C. 
To test whether the temperature- and formamide-sensitive mutations 
reside in the FIP1 inserts, we recovered the candidate plasmids in E. 
coli by transformation and recloned the inserts into YCplac22 (Gietz 
and Sugino, 1988) that had not been exposed to mutagen. A strain 
heterozygous for a deletion of the FIP1 gene (JL21) was transformed 
with either of the resulting plasmids and sporulated. The growth pheno- 
type of the spore progeny of 10 tetrads from each candidate was exam- 
ined on YPD and YPFD media as described above. Only for one of 
the candidates was a 2:2 segregation of the temperature- and for- 
mamide-sensitive phenotype observed. In this case the phenotype 
always cosegregated with the LEU2 marker used to disrupt he ch romo- 
somal FIP1 gene. The conditional allele was designated fipl-1, and 
the corresponding plasmid and strain were termed plA23 and PJP24, 
respectively. 
Allele fipl-2 was generated by introducing an UGA termination co- 
don after amino acid 216 into the FIP1 gene. This was achieved by 
PCR with the primer FIPSTART (see above) and the 3' primer (5" 
GCAGATCTATCTATGTAAATACTCCATCCAG-3') on plA22 as a tem- 
plate. The amplified fragment was digested with Sacl and Bglll (under- 
lined) and cloned into the respective sites of pHCBS3 (Table 1), 
yielding plasmid plA29. In this construct, the fipl-2 allele is under the 
control of the heterologous PAP1 promoter, plA29 was introduced into 
strain PJP22 by plasmid shuffling, and the phenotype was examined 
by streaking cells on appropriate media. Allele fipl-3, lacking the last 
131 amino acids, was made accordingly, except that the 3' primer was 
5'-GCAGATCTAGTTGGCCCCCGGTTGC-3'. 
Temperature Shift and Measurement of the Poly(A) 
Tail Length of Cellular RNAs 
Cells were grown at 24°C in 100 ml of YPD medium to an OD~ of 
2.0. An aliquot (at time 0) was withdrawn immediately prior to the 
addition of an equal volume of YPD prewarmed to 50°C, and incuba- 
tion was continued at 37°C. At the timepoints indicated in the legend 
to Figure 3, 20 ml aliquots were chilled by adding crushed ice, and cells 
were collected by centrifugation. Total RNA was isolated as described 
(Minvielle-Sebastia et al., 1991 ) and dissolved in 100 p.I of diethyl pyre- 
carbonate-treated water. For further purification, 100 pJ of 1-butanol 
was added and mixed with the aqueous phase by inverting the tube 
several times. After brief centrifugation, the organic phase was re- 
moved, and RNA was precipitated at room temperatu re in 2.5 M ammo- 
nium acetate and 2.5 vol of ethanol. The RNA was collected by centrifu- 
gation, washed with 70% ethanol, dried, and resuspended in diethyl 
pyrocarbonate-treated water at a final concentration of 2 p_g/pl. 
Cell 
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RNAs were 3'end labeled by a modification of the method of Lingner 
and Keller (1993). Samples (2 p.g each) were incubated at 30°C in a 
total volu me of 12 p~l containing 20 m M Tris-HCI (pH 7.0), 10% glycerol, 
50 mM KCI, 0.7 mM MnCI2, 0.2 I~g of BSA, 0.066 pM [(z-32P]cordycepin 
5'-triphosphate (5 Clip.tool; DuPont), and 100 ng of recombinant poly(A) 
polymerase. After 30 rain the enzyme was heat inactivated at 90°C 
for 3 min, and incorporation of label was determined by adsorption of 
an aliquot to DEAE paper (Whatman DE81) (Stayton and Kornberg, 
1983). Equal amounts of incorporated label (60,000-80,000 cpm) from 
each sample were RNase treated for 40 min in a final volume of 80 
pl, containing 10 mM Tris-HCI (pH 8.0), 300 mM NaCI, 50 p.g of yeast 
RNA, 25 U of RNase T1 (Sigma), and 1 pg of RNase A (Boehringer 
Mannheim). The reaction was stopped by the addition of 20 p.I con- 
taining 1 mg/ml proteinase K, 5% SDS, 50 mM EDTA, and 200 pg of 
glycogen and incubated at 42°C for 30 rain. The nuclease-resistant 
poly(A) tails were precipitated in 2.5 M ammonium acetate, 15 mM 
MgCI2, and 2.5 vol of ethanol and pelleted by centrifugation for 1 hr 
at 15,000 x g. Pellets were washed with ice-cold 80% ethanol, resus- 
pended in 3 i~1 of loading buffer (95% formamide, 20 m M EDTA, 0.05% 
bromphenol blue), and electrophoresed on a gel of 100/0 polyacryl- 
amide and 8.3 M urea in 1 x TBE (Sambrook et al., 1989). Poly(A) 
tails were visualized by autoradiography with Kodak X-OMAT films. 
In Vitro 3'-End Processing Assay 
CYC1- and CYCl.precleaved RNAs were synthesized from restriction 
enzyme-linearized plasmids by transcription with bacteriophage T7 
RNA polymerase (Stratagene) in the presence of 0.1 mM [a-32]UTP 
(10-20 Ci/mmol). Transcripts were capped with diguanosinetriphos- 
phate and gel purified. CYCl RNA was transcribed from EcoRI- 
restricted pG4-CYC1 (Minvielle-Sebastia et al., 1994). A template for 
the production of precleaved CYCl (pG4-CYCl-pre) was derived by 
insertion of an Ndel site just distal to the cleavage site into the 3' 
untranslated region of the CYC1 gene. For that, pG4-CYC1 was ampli- 
fied by PCR with the 5' primer (5'-CTCTAGACGATATCATGTAAT- 
TAGTT-3~ and a 3' primer complementary to the poly(A) site (5'- 
GGAATrCCATATGAAATATAAATAACGTTCTT-3~. The amplified DNA 
fragment was cut with Xbal and EcoRI (underlined) and ligated into 
pGEM4 (Promega), digested with the same enzymes. Transcription 
of pG4-CYC1 precut with Ndel (italicized) produced an RNA of 194 
nt that ended at the natural poly(A) site of the CYC1 mRNA (Russo et 
al., 1993). 
Processing assays were carried out at 30°C in a volume of 25 p.I 
containing 20-40 fmole of labeled RNA, as described previously (Min- 
vielle-Sebastia et al., 1994). 
Protein extracts were made and fractionated by ammonium sulfate 
precipitation as described elsewhere (Butler et al., 1990). For separa- 
tion of 3'-end processing factors, VD H2 (Minvielle-Sebastia et al., 1994) 
extract was loaded on a Mono Q HR 5/5 FPLC column. The column 
was developed with a 40 column volume gradient of 50-500 mM KCI 
in buffer (Chen and Moore, 1992). 
Antibodies and Coimmunoprecipitations 
Poiyclonal anti-PAP1 and anti-FIP1 antisera were elicited by immuniz- 
ing rabbits with recombinant protein, From the sera obtained, antibod- 
ies were affinity purified on immobilized PAP1 and FIP1 proteins ac- 
cording to standard procedures (Pringle et al., 1991). 
For immunoprecipitation fproteins, 20 I~1 of a protein A-Sepharose 
slurry equilibrated in 20 mM Tris-HCI (pH 8.0), 150 mM KCI, 0.1o/0 
NP-40 was mixed with 2 I~1 of crude antiserum or preimmune serum 
directed against FIP1 or PAP1. After 90 min incubation at 24°C on 
an end-over-end shaker, the resin was washed four times with 1 ml 
of the same buffer and added to 300 pl of buffer containing 0.6 I~g of 
either FIP1 or PAP1 purified from E. coil or 3-8 Id of in vitro translated 
and radiolabeled proteins, as specified in the legend to Figure 6. Incu- 
bation was continued for another 90 rain at 4°C, and unbound proteins 
were removed by three 5 rain washes with buffer. If a second round 
of protein binding was performed, incubation and washing procedures 
were as above. Proteins were eluted in 20 p.I of SDS-PAGE sample 
buffer and resolved by 9% SDS-PAGE. 
Acknowledgments 
We thank Elmar Wahle for critical reading of the manuscript and dis- 
cussions and Patrick Under, Christian K/Jhne, and the members of 
our group for stimulating discussions and technical advice. P. J. P. 
is a recipient of a predoctoral fellowship from the Boehringer Ingelheim 
Fonds. L. M.-S. was supported by postdoctoral fellowships from the 
European Molecular Biology Organization and the European Union 
(Human Capital and Mobility Program). This work was supported by 
the Kantons of Basel and by a grant from the Swiss National Science 
Foundation to W. K. 
Received January 27, 1995; revised March 2, 1995. 
References 
Abe, A., Hiraoka, Y., and Fukasawa, T. (1990). Signal sequences for 
generation of mRNA 3' end in the Saccharomyces cerevisiee GAL7 
gene. EMBO J. 9, 3691-3697. 
Aguilera, A. (1994). Formamide sensitivity: a novel conditional pheno- 
type in yeast. Genetics 136, 87-91. 
Bardwell, A. J., Bardwell, L., Johnson, D. K., and Friedberg, E. C. 
(1993). Yeast DNA recombination and repair proteins RAD1 and 
Radl0 constitute a complex in vivo mediated by localized hydrophobic 
domains. Mol. Micrcbiol. 8, 1177-1188. 
Bienroth, S., Wahle, E., Suter-Crazzolara, C., and Keller, W. (1991). 
Purification of the cleavage and polyadenylation factor involved in the 
3'-processing of messenger RNA precursors. J. Biol. Chem. 266, 
19768-19776. 
Bienroth, S., Keller, W., and Wahle, E. (1993). Assembly of a pro- 
cessive messenger RNA polyadenylation complex. EMBO J. 12, 585- 
594. 
Bloch, J. C., Perrin F., and Lacroute, F. P. (1978). Yeast temperature- 
sensitive mutants specifically impaired in processing of poly(A)- 
containing RNAs. Mol. Gen. Genet. 165, 123-127. 
Boeke, J. D., Trueheart, J., Natsoulis, G., and Fink, G. R. (1987). 
5-Fluoroorotic acid is a selective agent in yeast molecular genetics. 
Meth. Enzymol. 154, 164-175. 
Brown, N. G., Costanzo, M. C., and Fox, T. D. (1994). Interaction 
among three proteins that specifically activate translation of the mito- 
chondrial COX3 mRNA in Saccharomyces cerevisiae. Mol. Cell. Biol. 
14, 1045-1053. 
Butler, J. S., Sadhale, P. P., and Platt, T. (1990). RNA processing in 
vitro produces matu re 3'-ends of a variety of Saccharomyces cerevisiae 
mRNAs. Mol. Cell. Biol. 10, 2599-2605. 
Chen, J., and Moore, C. (1992). Separation of factors required for 
cleavage and polyadenylation of yeast pre-mRNA. Mol. Cell. Biol. 12, 
3470-3481. 
Chevray, P. M., and Nathans, D. (1992). Protein interaction cloning in 
yeast: identification of mammalian proteins that react with the leucine 
zipper of Jun. Proc. Natl. Acad. Sci. USA 89, 5789-5793. 
Fields, S., and Song, O.-K. (1989). A novel genetic system to detect 
protein-protein interactions. Nature 340, 245-246. 
Fields, S., and Sternglanz, R. (1994). The two-hybrid system: an assay 
for protein-protein interactions. Trends Genet. 10, 286-292. 
Gietz, D., Jean, A. S., Woods, R. A., and Schiestel, R. H. (1992). 
Improved method for high efficiency transformation of intact yeast 
cells. Nucleic Acids Res. 20, 1425. 
Gietz, R. D., and Sugino, A. (1988). New yeast-Escherichia coil shuttle 
vectors constructed with in vitro mutagenized yeast genes lacking six- 
base pair restriction sites. Gene 74, 527-534. 
Guthrie, C., and Fin k, G. R. (1991 ). Guide to Yeast Genetics and Molec- 
ular Biology (San Diego, California: Academic Press). 
Henikoff, S. (1984). Unidirectional digestion with exonuclease III cre- 
ates target breakpoints for DNA sequencing. Gene 28, 351-359. 
Herrick, D., Parker, R., and Jacobson, A. (1990). Identification and 
comparison of stable and unstable mRNAs in Saccharomyces cerevis- 
iae. Mol. Cell. Biol. 10, 2269-2284. 
Irniger, S., Egli, C. M., and Braus, G. H. (1991). Different classes of 
polyadenylation sites in the yeast Saccharomyces cerevisiae. Mol. 
Cell. Biol. 11, 3060-3069. 
Keller, W., Bienroth, S., Lang, K. M., and Christofori, G. (1991). Cleav- 
FIP1, a Yeast Pre-mRNA Polyadenylation Factor 
389 
age and polyadenylation factor CPF specifically interacts with the pre- 
mRNA 3'-processing signal AAUAAA. EMBO J. 10, 4241-4249. 
Legrain, P., and Rosbash, M. (1989). Some cis- and trans-acting mu- 
tants for splicing target pre-mRNA to the cytoplasm. Cell 57, 573-583. 
Legrain, P., Chapon, C., and Galisson, F. (1993). Interaction between 
PRP9 and SPP91 splicing factors identify a protein complex required 
in presplicesome assembly. Genes Dev. 7, 1390-1399. 
Lingner, J., and Keller, W. (1993). 3'-end labeling of R NA with recombi- 
nant yeast poly(A) polymerase. Nucleic Acids Res. 21, 2917-2920. 
Lingner, J., Radtke, I., Wahle, E., and Keller, W. (1991a). Purification 
and characterization of poly(A) polymerase from Saccharomyces cere- 
visiae. J. Biol. Chem. 266, 8741-8746. 
Lingner, J., Kellermann, J., and Keller, W. (1991b). Cloning and ex- 
pression of the essential gene for poly(A) polymerase from S. cerevis. 
iae. Nature 354, 496-498. 
Ma, J., and Ptashne, M. (1987). A new class of yeast transcriptional 
activators. Cell 51, 113-119. 
Minvielle-Sebastia, L., Winsor, B., Bonneaud, N., and Lacroute, F. 
(1991). Mutations in the yeast RNA14 and RNA15 genes result in an 
abnormal mRNA decay rate; sequence analysis reveals an RNA- 
binding domain in the RNA15 protein. Mol. Cell. Biol. 11, 3075-3087, 
Minvielle-Sebastia, L., Preker, P. J., and Keller, W. (1994). RNA14 
and R NA15 proteins as components of a yeast pre-m RNA 3'-end pro- 
cessing factor. Science 266, 1702-1705. 
Nasmyth, K. A., and Tatchell, K. (1980). The structure of transposable 
yeast mating type loci. Cell 19, 753-764. 
Ng, R., and Abelson, J. (1980). Isolation and sequence of the gene 
for actin in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 77, 
3912-3916. 
Patel, D., and Butler, J. S. (1992). Conditional defect in mRNA 3'-end 
processing caused by a mutation in the gene for poly(A) polymerase. 
Mol. Cell. Biol. 12, 3297-3304. 
Peltz, S. W., He, F., Welch, E., and Jacobson, A. (1994). Nonsense- 
mediated mRNA decay in yeast. Prog. Nucl. Acid Res. Mol. Biol. 47, 
271-298. 
Pringle, J. R., Adams, A. E. M., Drubin, D. G., and Haarer, B. K. (1991). 
Immunofluorescence methods for yeast. Meth. Enzymol. 194, 565- 
602. 
Proweller, A., and Butler, S. (1994). Efficient translation of poly(A)- 
deficient mRNAs in Saccharomyces cerevisiae. Genes Dev. 8, 2629- 
2640. 
Query, C. C., Bentley, R. C., and Keene, J. D. (1989). A common RNA 
recognition motif identified within a defined U1 RNA binding domain 
of the 70K U1 snRNP protein. Cell 57, 89-101. 
Raabe, T., Bollum, F. J., and Manley, J. L. (1991). Primary structure 
and expression of bovine poly(A) polymerase. Nature 353, 229-234. 
Rose, M. D., and Fink, G. R. (1988). KARl, a gene required for function 
of both intranuclear and extranuclear microtubules in yeast. Cell 48, 
1047-1060. 
Russo, P., LI, W.-Z., Guo, Z., and Sherman, F. (1993). Signals that 
produce 3'termini n CYC1 mRNA of the yeast Saccharomyces cerevis- 
iae. Mol. Cell. Biol. 13, 7836-7649. 
Sachs, A. B., and Deardorff, J. A. (1992). Translation initiation requires 
the PAB-dependent poly(A) ribonuclease in yeast. Cell 70, 961-973. 
Sachs, A. B., Bond, M. W., and Kornberg, R. D. (1986). A single gene 
from yeast for both nuclear and cytoplasmic polyadenylate-binding 
proteins: domain structure and expression. Cell 45, 827-835. 
Sachs, A. B., Davis, R. W., and Kornberg, R. D. (1987). A single domain 
of yeast poly(A)-binding protein is necessary and sufficient for RNA 
binding and cell viability. Mol. Cell. BioL 7, 3268-3276. 
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Clon- 
ing: A Laboratory Manual, Second Edition (Cold Spring Harbor, New 
York: Cold Spring Harbor Laboratory Press). 
See, Y. P., and Jaokowski, G. (1989). Estimating molecular weights 
of polypeptides by SDS gel electrophoresis. In Protein Structure: A 
Practical Approach, T. E. Creighton, ed. (Oxford: Oxford University 
Press), pp. 1-21. 
Smith, H. E., Su, S. S. Y., Neigebom, L., Driscoll, S. E., and Mitchel, 
A. P, (1990). Role of IME1 expression in regulation of meiosis in Sac- 
charomyces cerevisiae. Mol. Cell. Biol. 10, 6103-6113. 
Stayton, M. M., and Kornberg, A. (1983). Complexes of Escherichia 
coliprimase with the replication origin of G4 phage DNA. J. Biol. Chem. 
258, 13205-13212. 
Studier, F. W. (1991). Use of bacteriophage T7 lysozyme to improve 
an inducible T7 expression system. J. Mol. Biol. 219, 37-44. 
Takagaki, Y., and Manley, J. L. (1994). A polyadenylation factor sub- 
unit is the human homologue of the Drosophila suppressor of forked 
protein. Nature 372, 471-474. 
Takagaki, Y., Manley, J. L., McDonald, C. C., Wilusz, J., and Shenk, 
T. (1990). A multisubunit factor, CstF, is required for poiyadenylation 
of mammalian pre-mRNAs. Genes Dev. 4, 2112-2120. 
Wahle, E. (1991a). Purification and characterization of a mammalian 
poly(A) polymerase involved in the 3'-end processing of mRNA precur- 
sors, J. Biol. Chem. 266, 3131-3139. 
Wahle, E. (1991 b). A novel poly(A)-binding protein acts as a specificity 
factor in the second phase of messenger RNA polyadenylation. Cell 
66, 759-768. 
Wahle, E., and Keller, W. (1992). The biochemistry of 3'-end cleavage 
and polyadenylation of messenger RNA precursors. Annu. Rev. Bio- 
chem. 61, 419-440. 
Wahle, E., Martin, G., Schlitz, E., and Keller, W. (1991). Isolation and 
expression of cDNA clones encoding mammalian poly(A) polymerase. 
EMBO J. 10, 4251-4257. 
Wilson, S. M., Datar, K. V., Paddy, M R., Swedlow, J. R., and Swan- 
son, M. S. (1994). Characterization of nuclear polyadenylated RNA- 
binding proteins in Saccharomyces cerevisiae. J Cell Biol. 127, 1173- 
1184. 
Zaret, K. S., and Sherman, F. (1982). DNA sequence requirements 
for efficient transcription termination in yeast. Cell 28, 563-573. 
GenBank Accession Number 
The accession number for the DNA sequence of FIP1 reported in this 
paper is X83796. 
